Relaxations caused by adenosine and K+ (5 mM) were moderately attenuated in atherosclerotic monkey mesenteric arteries, and those by acetylcholine were reduced only slightly or not affected in the arteries or aortas . Relaxations of control and atherosclerotic arteries in response to nitroglycerin, isoproterenol and prostaglandin 12 did not differ. The relaxant response to K+ was reversed to a contraction by ouabain. Acetylcholine-induced relaxations were dependent on the endothelium and suppressed by atropine.
Abstract-Treatment
of Japanese monkeys for 8 months with a high fat, high cholesterol diet produced atherosclerotic lesions in the aorta and mesenteric arteries, such as fatty dots, streaks and plaques, intimal thickening with accumulation of spindle-shaped cells and macrophages and endothelial cell flattening. Contractile responses of mesenteric arteries from control and atherosclerotic monkeys to electrical stimulation of adrenergic nerves, norepinephrine and angiotensin II did not differ, whereas contractions caused by serotonin in the atherosclerotic monkey arteries were significantly greater. Ketanserin and cinanserin suppressed the serotonin-induced contraction.
Relaxations caused by adenosine and K+ (5 mM) were moderately attenuated in atherosclerotic monkey mesenteric arteries, and those by acetylcholine were reduced only slightly or not affected in the arteries or aortas . Relaxations of control and atherosclerotic arteries in response to nitroglycerin, isoproterenol and prostaglandin 12 did not differ. The relaxant response to K+ was reversed to a contraction by ouabain. Acetylcholine-induced relaxations were dependent on the endothelium and suppressed by atropine.
Diet-induced athero sclerosis appears to potentiate contractions mediated via serotonergic 5-HT2 receptors and to attenuate relaxations possibly caused by activation of the elec trogenic Na+ pump in the smooth muscle cell membrane.
Endothelium-dependent relaxations via muscarinic receptors would not evidently be affected in mesenteric arteries and aortas from atherosclerotic Japanese monkeys.
Attention is currently directed to the re sponsiveness to vasoactive substances of atherosclerotic blood vessels, which show histological alterations in endothelial and subendothelial tissues. Endothelial cell damage or proliferation in atherosclerotic animals is expected to alter vascular function, in particular, via changes in the release of relaxing factor(s) from endothelial cells (1) . Impairment of the synthesis and release of EDRF participate in increased vascular con tractility, possibly resulting in localized vasospasm and circulatory disturbances. Atherosclerotic blood vessels seem to be susceptible to the genesis of vasospasm (2, 3) . The vasodilator action of acetylcholine, mediated via the release of EDRF, is reportedly suppressed in the arteries from atheroscle rotic animals (4-6) and humans (7) . Vascular responses to other vasoactive substances are also altered in atherosclerotic animal vascula tures (4, 6, 8) .
Long-term feeding of a high fat, high cholesterol diet or hereditary hyperlipidemia (9) produce atheromatous changes in the blood vessels of rabbits and other mammals (10) . Subhuman primates have been used for experimental atherogenesis, because of their phylogenetic proximity to man. However, there is no systematic study on the functional and histological changes in monkeys treated with an atherogenic diet.
The purpose of the present study was to determine histological changes in the aorta and arteries and biochemical changes in the plasma from Japanese monkeys treated for 8 months with a high fat, high cholesterol diet and to compare the responsiveness to vasoconstrictor and dilator agents of mesen teric arteries and aortas isolated from monkeys fed normal and atherogenic diets. Table 1 . Body weight, mean arterial blood pressure and plasma cholesterol, lipoproteins and triglycerides in monkeys before (control) and after treatment for 3 and 6 months with the atherogenic diet
Materials and Methods
Japanese monkeys (Macaca fuscata) of either sex (N=8), 4 to 5 years of age, were fed a diet with 2% cholesterol and 6% corn oil for 8 months. Biochemical data on plasma lipo protein were obtained twice before feeding the high cholesterol diet and after 3 and 6 months of feeding. Plasma concentrations of cholesterol, lipoproteins, triglycerides and free fatty acids were determined according to standard procedures.
The results are sum marized in Table 1 . Under anesthesia with ketamine (40 mg/kg), the systemic blood pressure was measured via a needle (21G) inserted into the femoral artery, which was connected to a pressure transducer (Nihon Kohden Kogyo Co., Tokyo, Japan), before and after 8 months feeding of the experi mental diet. The age-matched monkeys fed the normal and atherogenic diets and thus anesthetized were sacrificed by bleeding from the carotid arteries. The entire aorta and arteries were isolated and observed macro scopically.
For histological examinations, several specimens were taken from thoracic and abdominal parts of the aorta in the control as well as the experimental animals, fixed in 10% formalin and embedded in paraffin. The sections were cut into 3 and stained with hematoxylin-eosin.
Superior and inferior mesenteric arteries and abdominal aortas were rapidly removed from the monkeys. The arteries were helically cut into strips, approximately 20 mm long. The aorta was transversely cut to make rings of approximately 2 mm width, which were cut open into strips. During this process, the blood vessels were handled with care to preserve the intact endothelium. The specimen was vertically fixed between hooks in a muscle bath of 20 ml capacity, containing the modified Ringer-Lock solution, which was maintained at 37±0.3°C and aerated with a mixture of 95%02 and 5% CO2. The hook anchoring the upper end of the strips was connected to the lever of a force-displace ment transducer (Nihon Kohden Kogyo Co.). The resting tension was adjusted to 1 .0 g for mesenteric arteries and 3.0 g for aortas, which are optimal for inducing the maximal contration. The composition of the bathing medium was as follows: 120 mM NaCI, 5. Some of the mesenteric arterial strips were placed between a pair of stimulating elec trodes. The gap between the strip and the electrodes were wide enough to allow undisturbed contractions and relaxations, and yet sufficiently narrow to permit stimulation of intramural nerve terminals effectively. The strips were transmural ly stimulated by a train of 0.3 msec square pulses of supramaximal intensity, at frequencies of 2, 5 and 20 Hz for periods of 100, 20 and 10 sec, respectively. The stimulation at 5 Hz had repeatedly been applied with an interval of 10 min, until the steady state responses were obtained.
The results shown in the text, 
Results
Pathological findings: In non-treated con trol monkeys (N=7), the luminal surfaces of the aorta and the mesenteric and coronary arteries were smooth and flat, and no athero matous changes were present. On the other hand, in experimental monkeys fed the atherogenic diet, the aorta and the mesenteric and coronary arteries showed atherosclerotic changes such as fatty dots, streaks and plaques. The fatty dots, which consisted of minute round or oval opaque patches, were slightly elevated above the surface of the surrounding intima. Such dots tended to be arranged in rows or groups and coalesced to form streaks and irregular plaques. Fatty dots and streaks were observed densely in the descending part of the aortic arch and the upper part of the thoracic aorta, particularly on the posterior aspect. Small raised lesions or plaques were found on the ostia of the intercostal and lumbal arteries. The lower abdominal aorta showed particularly marked atherosclerotic changes which consisted of large irregular white, partly yellowish, plaques involving the whole circumferential aortic wall. Similar changes were also found in the main branches of the superior and inferior mesenteric, coronary and iliac arteries.
Histological examination showed that the intima in the control monkeys as well as that in the intact part of the aorta in the experimen tal animals was thin and delicate, covered by normal endothelium and contained few myo intimal cells. Thickening of the intima was the most prominent feature of the aorta in the monkeys fed the atherogenic diet. Localized intimal thickening, which corresponded to the fatty dots and streaks, consisted of a small number of spindle-shaped or asteroid cells with an eosinophilic narrow cytoplasm and multiple fine processes and abundant myxomatous homogeneous substances ( Fig.  1) . Such spindle-shaped or asteroid cells were connected to each other with the pro cesses and formed a reticular structure. The cells were densely distributed particularly it the deep intimal portion adjacent to the in ternal elastic lamina, and they were arranger in a row, having their axis at a right angle tc the lamina. The cells resembled the media' smooth muscle cells, but were smaller in SIZE than those in the media. The covering endo thelial cells were flat and absent in some parts. The subendothelial part of the thickener intima was very edematous, and it contained a small number of macrophages with large round vesicular cytoplasms (Fig. 2) . SOME enlarged spindle-shaped cells also showed small vacuoles in their cytoplasms. The internal elastic lamina did not show any particular change. 
a further increase in the amine to 5 x 10-5 M did not produce addi tional contractions or contracted only slightly. The contractile responses of the control and atherosclerotic monkey arteries did not sig nificantly differ (Fig. 4, left) . Transmural electrical stimulation at frequencies of 2, 5 and 20 Hz elicited frequency-dependent con tractions, which were not significantly dif ferent in the arteries from control and athero sclerotic monkeys (Fig. 4, right) . Mean values of the concentration of norepinephrine re quired to produce the same magnitude of con tractions as that caused by 5 and 20 Hz stimulations in the control arteries were 2.1 and 4.4x10-8 M (N=8), respectively, and those in the atherosclerotic arteries were 2.2 and 4.0x10-8 M (N=8), respectively. In atherosclerotic arteries, contractions induced by transmural stimulation and norepinephrine were suppressed by treatment with 10-6 M phentolamine (N=3, 82 and 71% inhibition at 20 Hz stimulation and 10-7 M norepi nephrine, respectively), and the stimulation evoked contraction was abolished by 3 x 10-7 M tetrodotoxin (N=3). Contractions induced by 30 mM K+ were taken as 100%; mean absolute values in experiments with norepinephrine in the control and atherosclerotic monkey arteries were 974±129 mg (N=19) and 1115±198 mg (N=13), respectively, and those in experiments with electrical stimulation were 918±126 mg (N=8) and 919±92 mg (N=8), respectively.
Numbers in parentheses indicate the number of preparations used. Vertical bars represent the S.E.M. Serotonin (2 x 10-8 to 10-5 M) contracted the mesenteric arteries dose-dependently. The contractions at 10-7 and 5x10-7 M were significantly greater in the atherosc!ero tic monkey arteries than in the control arteries (Fig. 5) . Mean values of the median effective concentration (EC50) in these arteries were [6.41 ±0.63] and [19.6±4.32] x10-8 M, re spectively (P<0.05). The contraction was attenuated by 10-7 M ketanserin (N=4) and 10-6 M cinanserin in atherosclerotic arteries (N=3 and 4; 61 and 52% inhibition at 10-7 M serotonin, respectively). Angiotensin II at the concentration of 10-7 M caused a rapidly developing contraction, which persisted for a short period; the time required to restore the half maximum contraction was 1.8 to 3.2 min. The maximum contractions in the control and atherosclerotic monkey arteries averaged 91.0±7.6% (N=12) and 100.7±8.0% (N=9), respectively, the difference being statistically insignificant. Vasodilator response: Mesenteric arterial strips partially contracted with PGF2a re sponded to acetylcholine (10-8 to 10-5 M) with a concentration-related relaxation. The response was slightly reduced in the athero sclerotic monkey arteries (Fig. 6, left) . EC50 values in the control and atherosclerotic arteries were [3.37±1.33] and [2.66±0.71 ] X 10-7 M, respectively, which did not signifi cantly differ. Relaxations of the atherosclerotic monkey arteries were suppressed by 10-7 M atropine and abolished almost completely by removal of the endothelium, as were the re sponses of the control arteries. Substance P (up to 10-7 M) did not relax the arteries pre contracted with PGF in control (N=4) and atherosclerotic arteries (N=3).
Responses to acetylcholine in the aortic strips in which at least 1/3 of the intimal surface was covered by fatty plaques, streaks or dots were compared with those in the strips obtained from the same monkeys in which the intimal surface was visually intact. Typical recordings are presented in Fig. 7 . Acetylcholine-induced relaxations are almost identical in these preparations. Similar results were also obtained from an additional two pairs of preparations from atherosclerotic monkeys. Endothelium denudation abolished the relaxation caused by acetylcholine (Fig.  7, bottom tracing) .
Histamine-induced relaxations tended to be reduced in mesenteric arteries from mon keys fed the atherogenic diet (Fig. 6, right) . EC50 values in the control and atherosclerotic monkey arteries averaged [1.30±0.36] and [2.32±0.75] x 10-7 M, respectively, the dif ference being insignificant. Removal of endothelium did not alter the amine-induced relaxation in 5 out of 5 control arteries, which was however attenuated by treatment with 10-5 M cimetidine, as was the response of the atherosclerotic arteries (N=3).
Adenosine (10-7 to 10-4 M) relaxed the mesenteric arterial strips contracted with PGF2a; the magnitude was significantly less in the atherosclerotic monkey arteries than in the control arteries (Fig. 8, left) . EC50 values were [4.32±1.71] and [2.40±0.69] x 10-6 M, respectively, which did not significantly differ. Treatment with 2 X10-5 M aminophylline at tenuated the relaxation in control (N=4) and atherosclerotic arteries (N=3). On the other hand, nitroglycerin-induced relaxations did not significantly differ in the arteries from monkeys fed the normal and atherogenic diets (Fig. 8, right) . The relaxations did not depend on endothelium (N=3). was significantly less (Fig. 9) . Isoproterenol induced relaxations in the atherosclerotic monkey arteries were suppressed by 10-6 M propranolol (N=3), as were the responses of the control monkey arteries.
The addition of K+ (0.5 to 7 mM) relaxed mesenteric arteries in a concentration-de pendent manner; the maximal relaxation was induced at 5 mM. Relaxations induced by 5 mM K+ were reversed to contractions by treatment with 10-6 M ouabain in 3 athero sclerotic arteries and 2 control arteries. The responses of the control and atherosclerotic monkey arteries averaged 52.1 ±4.2% (N=16) relative to the relaxations induced by 10-4 M papaverine and 27.2±5.2% (N=5), respec tively; the difference was statistically signifi cant (P<0.01). 
Discussion
The present study revealed that treatment of Japanese monkeys for 8 months with a high fat, high cholesterol diet resulted in not only a persistent increase in plasma choles terol, /3-lipoprotein, free fatty acid, VLDL and LDL and a decrease in HDL and the ratio of HDL/cholesterol, but also caused the de velopment of early atherosclerotic histological signs such as fatty dots, streaks and plaques, intimal thickening with accumulation of spindle-shaped cells and macrophages in the aorta and arteries. Similar histological changes are also observed in the blood vessel wall from other subhuman primates, including the chim panzee, gorilla and baboon (10) . Similarities and differences in the macroscopic and micro scopic changes induced experimentally in monkeys and rabbits and those produced spontaneously in man have been summarized in a recent review by Stehbens (10) . One of the differentfeatures in experimental and spon taneous atherosclerosis is that the changes in humans are more evident in the abdominal aorta and iliac arteries than in the thoracic aorta, and the situation is vice versa in rhesus monkeys (11) and rabbits. However, the distal aorta of Japaneses monkeys fed the atherogenic diet in the present study tended to show the pathological changes pre dominantly over the proximal aorta.
Long-term treatment of Japanese monkeys with the atherogenic diet potentiated the con tractile response to serotonin of mesenteric arterial strips and significantly decreased the EC50 value of the amine. The affinity of sero tonin to its receptors may be increased. 5 HT2 receptor subtypes appear to be involved, since the amine-induced contraction was at tenuated by treatment with ketanserin, a selective 5-HT2 receptor antagonist (12) . Similar potentiation of the contraction medi ated via serotonergic receptors has also been ovserved in the aorta and coronary artery isolated from cholesterol-fed and heredi tarily hyperlipidemic rabbits (8, 13) . On the other hand, contractions induced by nor epinephrine and electrical stimulation of ad renergic nerves did not differ in the arteries from control and atherosclerotic monkeys, indicating that functions of a-adrenoceptors and adrenergic nerves may not significantly be altered by treatment with an atherogenic diet. In isolated segments of the ear artery from rabbits fed a high cholesterol diet, re sponses to endogenous and exogenous nor epinephrine are significantly depressed (14) .
Relaxations induced by acetylcholine were attenuated only slightly in mesenteric arteries isolated from atherosclerotic monkeys, and they were not reduced in aortas with athero sclerotic lesions as compared to those without visual histologic changes. On the other hand, the relaxations were evidently attenuated in the aorta from cholesterol-fed rabbits (5, 6) and the iliac artery from cynomolgus monkeys with diet-induced atherosclerosis (4). The relaxations of Japanese monkey mesenteric arteries and aortas were markedly suppressed or abolished by removal of endothelium (present study) and also by treatment with methylene blue (N. Toda et al., unpublished data), an inhibitor of guanylate cyclase (15) , suggesting that the release of relaxing factor trom endothelium and the increased synthe sis of cyclic GMP in smooth muscle are in volved in the relaxations, as postulated in other blood vessels (16) . Although micro scopic studies showed a flattening or de generation of endothelial cells covering thickened intima in atherosclerotic monkey arteries and aortas, there was a slight or no inhibition of the endothelium-dependent re laxation by acetylcholine.
Whether the func tion of histologically damaged endothelium is compensated by endothelium of intact portions in these blood vessels of Japanese monkeys with early atherosclerosis remains to be determined.
A recent report by Ver beuren et al. (6) has demonstrated that release of EDRF by acetylcholine is not significantly affected in the atherosclerotic rabbit aorta.
While the vasodilator action of adenosine was impaired in atherosclerotic monkey arteries, relaxations caused by isoproterenol and PGI2 were not significantly affected. Re sponses to adenosine are hypothesized to be associated with the increased production of cyclic AMP in vascular smooth muscle (17) , as are those caused by isoproterenol (18) and PGI2 (19) . If this is the case in mesenteric arteries from Japanese monkeys, decreased response to adenosine in the atherosclerotic arteries would not be due to an interference with the synthesis of cellular cyclic AMP or with its action on contractile and regulatory proteins.
The addition of K+ in a small amount (5 mM) relaxed monkey mesenteric arterial strips, as it did cerebral arteries from dogs, cats, rabbits and humans (20, 21) . The re laxations are abolished or suppressed by ouabain, a substitution of Li+ for external Na+ or a fall of bathing temperature and poten tiated by lowering of external K+. The cerebro arterial cell membrane is hyperpolarized by the addition of K+ (22) . Therefore, the elec trogenic Na+ pump is supposed to be involved in the relaxation. The K+-induced relaxation in monkey mesenteric arteries was abolished by ouabain and significantly attenuated by treatment of monkeys with the atherogenic diet. Whether a reduced activity of the Na+ pump, a decreased amount of substrate ATP, etc., in the atherosclerotic monkey arteries are involved remains to be determined.
